Objective: To determine whether right ventricular and/or atrial speckle tracking strain is associated with previous arrhythmic events in patients with repaired tetralogy of Fallot. Methods and Results: We studied right ventricular and atrial strain in 100 consecutive patients with repaired tetralogy of Fallot referred for routine echocardiographic evaluation. Patients were divided into two groups, one with previous documentation of arrhythmias (n=26) and one without arrhythmias, in a median follow-up of 22 years. Patients with arrhythmias were older (p<0.001) and had surgical repair at an older age (p=0.001). They also had significantly reduced right ventricular strain (-14.7±5.5 vs. -16.9±4.0%, p=0.029) and right atrial strain (19.1±7.7% vs. 25.8±11.4%, p=0.001). Neither right ventricular nor right atrial strain were independent predictors of the presence of a history of documented arrhythmias, which was associated with age at correction and with the presence of residual defects. In a subanalysis after excluding 23 patients who had had more than one corrective surgery, right ventricular strain was an independent predictor of the presence of previous arrhythmic events (OR 1.19, 95% CI 1.02-1.38, p=0.025). Right atrial strain was also an independent predictor after adjustment (OR 0.93, 95% CI 0.87-0.99, p=0.029). The ideal cut-off for right ventricular strain was -15.3% and for right atrial strain 23.0%. Conclusions: Compared with conventional echocardiographic parameters, strain measures of the right heart are associated with the presence of arrhythmic events, and may be useful for risk stratification of patients with repaired tetralogy of Fallot, although a prospective study is required.
Introduction
First described in 1671 by Niels Stensen, tetralogy of Fallot (TOF) is the most common cyanotic congenital heart defect. 1, 2 Before the development of surgical palliation and correction, about 50% of patients with TOF died in the first few years of life and it was unusual for any to survive for more than 30 years. 3 Early surgical repair enabled a dramatic improvement in the outcome of TOF, with most patients reaching adulthood. 1, 4, 5 Previously, some patients received palliative surgery by construction of a systemic-to-pulmonary arterial shunt, balloon dilation, or placement of a stent in the right ventricular (RV) outflow tract in infants, deferring repair for later in life. 1 A staged approach was then suggested, but this has potential disadvantages such as long-lasting right ventricular pressure and/or volume overload and persistent cyanosis. However, even after early surgical repair, complications may occur, mainly in adulthood, such as significant pulmonary valve regurgitation, aortic root dilation and arrhythmias. 1 Arrhythmias are in fact a considerable clinical problem in adults with repaired TOF, with recent studies showing incidences of sustained tachyarrhythmias as high as 43%. 6 Ventricular and atrial dilation and dysfunction are associated with arrhythmias. The gold standard for right heart evaluation is cardiac magnetic resonance, 1,2 because it enables better global and regional functional analysis of the right heart. However, it is often not available in clinical practice, and echocardiography is still the most commonly used technique. Two-dimensional speckle tracking echocardiography is an early marker of ventricular dysfunction and can thus be useful in the routine evaluation of TOF patients. 8---11 Left ventricular (LV) longitudinal function by twodimensional speckle tracking echocardiography is a predictor of life-threatening ventricular arrhythmias and death in patients with heart disease, including adults with repaired TOF. 8, 9 Since the disease mainly involves the right heart, we aimed to determine if RV and right atrial (RA) strain evaluated by two-dimensional speckle tracking echocardiography is associated with previously documented arrhythmic events (ventricular and supraventricular) in patients with repaired TOF.
Methods
All patients with repaired TOF followed at the adult congenital heart disease outpatient clinic of Santa Marta Hospital (Lisbon, Portugal) who underwent routine transthoracic echocardiography between 2008 and 2015 with digitally stored images of sufficient quality were prospectively included in the study. Clinical characteristics were obtained by review of medical files and included age, gender, date and type of surgical procedures, electrocardiographic (ECG) data, and New York Heart Association functional class at the time of the echocardiogram. The primary endpoint was documentation of supraventricular or ventricular arrhythmias by 12-lead ECG, ambulatory ECG monitoring or other rhythm monitoring devices at any time in the follow-up after 
Echocardiography
A complete standard echocardiographic study was performed including M-mode, two-dimensional and Doppler study. It also included a specific echocardiographic evaluation of the right heart, using commercially available systems (Vivid 7 TM and Vivid 9 TM , General Electric Healthcare). The study was performed with the patient in left lateral position using a 3.5 MHz transducer. For RV study, fractional area change was calculated from apical 4-chamber view as the percentage change in RV end-diastolic and end-systolic area. RV end-diastolic diameter was assessed at the mid level of the RV cavity in 4-chamber view. RA volume and tricuspid diastolic and systolic flow were also evaluated in apical 4-chamber view. Tricuspid annular plane systolic excursion (TAPSE) was defined as the maximum systolic motion of the lateral tricuspid annulus along its longitudinal plane. RV myocardial performance was measured according to the Te i index. 12 Tissue Doppler echocardiography was used to assess longitudinal myocardial velocities at the mitral and tricuspid annulus.
Images were acquired in apical 4-chamber view, and the transducer settings of the B-mode image were adjusted to achieve a frame rate of at least 55 frames per second (fps) (preferably 60-80 fps). The grayscale definition was changed as necessary to optimize two-dimensional endocardial and myocardial right heart definition. Images were digitally stored in cineloop format with three sequential beats and transferred to a workstation for subsequent offline analysis using a customized software package (EchoPAC TM , General Electric Healthcare). With this software, the endocardial border of the right ventricle and right atrium were manually traced and the program automatically generated additional lines near the epicardium. Speckles were then tracked, frame by frame, during the cardiac cycle. The region of interest was also adjusted manually by the operator whenever necessary. Manual correction was performed in the event of insufficient or incorrectly tracked segments.
The right ventricle and right atrium were automatically divided into six segments and mean peak longitudinal strain was averaged from all six segments of the free wall and septum ( Figure 1 ). Peak systolic longitudinal strain was synchronized with the ECG corresponding with pulmonary valve closure. Strain measurements were made by a single operator blinded to the patient's arrhythmic status. In patients with atrial fibrillation or atrial flutter, RA strain was not analyzed.
Statistical analysis
Continuous variables are presented as mean or median, standard deviation or interquartile range (25th-75th percentile), as required. Normality and homogeneity of variance were tested with the Kolmogorov-Smirnov test and Levene's test, respectively. Categorical variables are reported as percentages. Differences between groups for categorical variables were tested with the chi-square test or Fisher's exact test, as appropriate. The two-tailed Student's t test was used to compare continuous variables with normal distribution and the Mann-Whitney test to compare non-normally distributed variables. The association between continuous variables was analyzed with Person's correlation. Discriminative ability was assessed by the area under the receiver operating characteristic (ROC) curve. The best cut-off points of both parameters (RV and RA strain) for arrhythmic events were selected by identification of the minimum Euclidean distance in ROC curve analysis.
Multivariate logistic regression models were used to assess the association of RV and RA strain with arrhythmic events. Factors that remained significant at the 0.05 level in univariate analysis were considered to be significant contributors and were included in the final model. Multicollinearity was also assessed and when identified, those variables were removed from the final multivariate model. Estimates of the association between predictors and endpoints are presented as odds ratios (OR) with 95% confidence interval (CI). The model's predictive ability was assessed with the Hosmer-Lemeshow test. To establish and quantify the reproducibility of RV and atrial strain, agreement and intra-and interobserver reproducibility were assessed using the interclass correlation coefficient and reliability coefficients (Cronbach's alpha) with two-way mixed effects models. Mean differences and limits of agreement were analyzed with Bland-Altman plots. Fifteen consecutive patients were selected for reproducibility analysis and the two operators were blinded for patient status and previous results.
IBM SPSS Statistics software, version 19.0.0.2 (SPSS Inc., Chicago, IL) and R statistical software, version 2.15.0, were used for all statistical analyses. All statistical tests were two-sided with a critical value of 0.05 for statistical significance.
Results
The study included 100 consecutive patients with repaired TOF. Another 12 patients were excluded due to inadequate images for off-line analysis. Mean age was 35±11 years and 66% were male. At a median follow-up of 22 years, there were 26 patients with documented arrhythmic events (16 with supraventricular arrhythmias, five with ventricular arrhythmias and five with both). Patients with arrhythmias were older, had surgical repair at an older age, more often had a second corrective surgery and were less often in sinus rhythm at assessment (Table 1 ). In the echocardiographic assessment, these patients more often had residual ventricular septal defect (VSD) and pulmonary valve prosthesis (all replaced in a second repair surgery), more severe tricuspid regurgitation, more enlarged right ventricle and right atrium and lower RV and atrial strain ( Table 2) .
Reproducibility data for RV and atrial strain are presented in Table 3 . Reproducibility was significantly better for RV strain than for RA strain. RV strain correlated with other RV function parameters such as RV fractional area change, TAPSE and tricuspid s', as well as with RV enddiastolic dimension and RA strain ( Table 4 ). RA strain also correlated with RV function parameters (tricuspid s', TAPSE and Te i index) and RA volume. RV strain showed a reasonable predictive accuracy for the association with arrhythmias (area under the curve [AUC] 0.660, 95% CI 0.530-0.791), with a cut-off of -13.8% (sensitivity 54% and specificity 76%). RA strain had a similar accuracy (AUC 0.670, 95% CI 0.560-0.781), with a cut-off of 23.0% (sensitivity 58% and specificity 69%). In univariate analysis, RA strain (OR 0.94, 95% CI 0.89-0.98, p=0.009) and RV strain (OR 1.12, 95% CI 1.01-1.24, p=0.032) were both associated with arrhythmias. Other major predictors of arrhythmia occurrence were age at correction (OR 1.05, p=0.006), residual VSD (OR 4.17, p=0.020) and the presence of a pulmonary valve prosthesis (OR 5.17, p=0.001). None of the other RV function measures could predict the presence of arrhythmias: RV fractional area change (OR 0.013, p=0.080), TAPSE (OR 0.91, p=0.080), Te i index (OR 6.23, p=0.313) and tricuspid s' (OR 0.83, p=0.075).
In the overall population and in multivariate regression analysis, neither RV nor RA strain were independent predictors of the presence of previous arrhythmias ( Table 5 ). The main determinants were age at correction and the presence of a residual VSD and pulmonary valve prosthesis, which is a surrogate for subsequent right heart overload after the first repair. Since this right heart overload might bias our analysis and these patients had a second corrective surgery, we performed a subanalysis after excluding the 23 patients with a subsequent corrective surgery (18 with pulmonary valve prosthesis implantation and the remainder with closure of a significant residual VSD). The mean age of this subgroup was 35±10 years, and 16 patients had documentation of arrhythmias (supraventricular in 10 patients, ventricular in three and both in three). In this subgroup, after adjustment for patients' age at repair and presence of a VSD, RV strain remained an independent predictor of the presence of arrhythmic events (OR 1.19, 95% CI 1.02-1.38, p=0.025) ( Table 6 ). RA strain was also an independent predictor after adjustment (OR 0.93, 95% CI 0.87-0.99, p=0.029). ROC curve analysis showed similar predictive accuracy for both RV strain (AUC 0.696, 95% CI 0.532-0.860, cut-off -15.3%, sensitivity 62% and specificity 74%) and RA strain (AUC 0.699, 95% CI 0.571-0.827, cut-off 23.0%, sensitivity 59% and specificity 67%) ( Figure 2 ). In all models, the predictive ability of the complete multivariate model was significantly higher, compared to each single variable.
Discussion
TOF is the most common form of cyanotic congenital heart defect (approximately 10% of all congenital heart defects ---similar to a previous report by our center, which has a long experience in congenital heart disease). 2, 13 The prognosis of TOF has improved markedly in recent years due to advances in surgical techniques and early repair. In the 1990s, 32-year survival of patients who survived corrective surgery was 86%, 4 whereas current long-term survival of repaired TOF is estimated to be >90% (30-year survival of 92%). 5 There can however be important late complications following TOF repair including arrhythmias, heart failure and death. 5 At 35-year followup, symptomatic arrhythmias have a cumulative incidence of 17%. 5 Previous studies showed an incidence of supraventricular arrhythmias ranging between 4% and 20%, depending on the duration of follow-up. 6,13---17 Repaired TOF is also associated with subsequent ventricular tachyarrhythmias, mortality and morbidity. 15, 18 The incidence of sudden death is 6% over 30 years, principally in the first few years after repair. The main predictors of arrhythmic events are older age at repair and residual RV structural abnormalities such as outflow aneurysms or significant pulmonary regurgitation and severe RV dilation with right or left ventricular dysfunction. 9,14--- 16 Long-standing pulmonary regurgitation has deleterious effects on RV size and function, which increases the risk of severe arrhythmias and sudden death because RV function is a major prognostic factor in patients with operated TOF. 9,14---16 After 35-year follow-up, 44% will require some type of reintervention, and at a median of 24 years after initial correction 40% will need pulmonary valve replacement. 5 Due to the complicated geometry of the right ventricle, two-dimensional measurements of RV function may be inadequate and assessment is challenging. For this reason, cardiac magnetic resonance imaging (CMRI) is still the gold standard non-invasive technique for right heart structural and functional assessment in patients with congenital heart disease, including TOF. 19 However, its limited availability, cost and contraindications are important limitations for its application in clinical practice, particularly for regular long-term follow-up of these patients, and echocardiography will remain the main tool for routine assessment of TOF patients.
Previous studies have validated TAPSE and tricuspid s' measured by echocardiography against RV ejection fraction measured by CMRI, and both are currently used as measures of RV function. 19 However, they did not take into account the multisegmental nature of contractility. Other parameters such as RV fractional area change in 4-chamber view, fractional shortening of the RV outflow tract and Te i index, although indicators of RV dysfunction, are less used. 7 In a previous paper, our group showed the usefulness of new echocardiographic imaging techniques, particularly tissue Doppler imaging, in patients with repaired TOF and its association with arrhythmias. 20 However, RV function was only assessed at the atrioventricular valve annular level.
Recently it has also been demonstrated that LV longitudinal strain measured by two-dimensional speckle tracking echocardiography is an important indicator of mortality risk. 8 This technique is not angle-dependent and is not affected by tethering effects. It can also be applied to RV functional assessment in patients with right heart disease, including patients with repaired TOF. 21 It has been tested in patients with pulmonary hypertension, pulmonary embolism and atrial septal defects. 22---24 However, very few studies have assessed RV function by two-dimensional speckle tracking echocardiography in adult patients late after TOF repair, and none has analyzed right atrial function. In our study, we performed a specific study of the right heart using conventional two-dimensional, Doppler and tissue Doppler methods, and also studied right atrial and ventricular function by peak longitudinal strain with two-dimensional speckle tracking echocardiography. This was measured in a single plane, by averaging six segments of the free wall and septum.
A pilot study performed at our center showed the potential value of these new technologies applied to the right heart to assess the association with arrhythmias in patients with repaired TOF. 25 We therefore decided to enlarge the study sample to improve the statistical power of our conclusions. In the present study sample, 26% had a history of arrhythmias (ventricular in 10% and supraventricular in 21%), which is close to previous reports. These patients were older and had corrective surgery at an older age. They also more often underwent a second corrective surgery, mainly for pulmonary valve replacement. This confirms the important role of residual defects that lead to overload and hence enlargement and dysfunction of the right heart chambers after the first corrective surgery, which are known to cause arrhythmias. In our study population, RV systolic function as assessed by traditional methods, such as fractional area change, TAPSE, Te i index and tricuspid s', were similar between groups. Although strain correlated with conventional RV function measures, we found significant reductions in both RA and RV strain in patients with arrhythmic events, confirming that this technique can detect contractile dysfunction earlier in the course of the disease.
RA and RV strain showed reasonable predictive ability, with an AUC >0.65. The cut-off obtained for RV strain was -13.8% with reasonable specificity and sensitivity. RA strain cut-off was 23.0%, also with reasonable sensitivity and specificity. Right heart chamber strain is a predictor for the presence of arrhythmias. However, after multivariate analysis with adjustment for other important predictors such as age at correction or the presence of residual VSD or pulmonary valve prosthesis (as a surrogate for previous significant pulmonary regurgitation), it was no longer a predictor. However, the predictive ability of the complete multivariate model was significantly higher, compared to each individual variable.
Although strain and strain rate improve significantly and acutely after correction of long-standing pulmonary regurgitation and residual stenosis, we do not know whether this improvement is maintained in long-term follow-up. 26 We therefore excluded patients who underwent a second corrective surgery with pulmonary valve replacement (due to severe pulmonary regurgitation) and closure of a significant non-restrictive VSD. These previous defects are a surrogate marker for previous long-standing right heart overload that may have been the cause for the detected arrhythmias. We then performed a subanalysis of the 77 patients with only a single corrective surgery (20.8% with previous history of arrhythmia). In this group, 16.9% had a residual VSD, which was however restrictive in all cases. In this subanalysis, we confirmed the independent predictive value of RA and RV strain for the presence of previous arrhythmias.
Limitations
Since the arrhythmias were diagnosed before the echocardiographic assessment, this is considered a retrospective study. Thus, the present study cannot establish a definite causal relationship between strain and arrhythmias. In addition, the investigation and documentation of arrhythmias was symptom-driven, that is, only patients with symptoms suggestive of arrhythmias underwent subsequent investigation.
A prospective study on the association of right heart myocardial strain with future arrhythmic events would be more interesting. However, since most events occurred in late childhood or early adulthood, such a study would have to be performed in a pediatric cardiology setting. Also, the annual event rate is relatively low; this is a major difficulty in studies attempting to improve risk stratification in TOF patients, particularly with the use of recent technology, since it would require a large sample and long follow-up.
The number of patients with arrhythmias was relatively small, and it was not possible to study the types of arrhythmia separately due to low statistical power. Nonetheless, we performed a preliminary analysis in the substudy population, which showed that RV strain is the only predictor of ventricular arrhythmias (OR 1.36, 95% CI 1.07-1.73, p=0.011) and that RA strain is an independent predictor of supraventricular arrhythmias (OR 0.93, 95% CI 0.86-0.99, p=0.039) adjusted for age at correction and residual VSD (the other predictors in univariate analysis). None of the other measures of right ventricular or atrial function were predictors of either type of arrhythmia. This indicates that there is scope for further prospective studies.
Two-dimensional speckle tracking echocardiography strain was measured with non-dedicated software ---we used an adaptation from LV two-dimensional speckle tracking echocardiography strain analysis. This could explain the results of our reproducibility analysis. Although the interclass correlation coefficient was excellent for RV strain and very good for RA strain (better for intraobserver variability), the limits of agreement by Bland-Altman analysis were rather wide. The use of non-dedicated software, with frequent use of manual corrections, may partially explain these results. The other possible explanation is related to image quality. Measurements were more reproducible when image quality was good. This suggests that follow-up assessments should be performed by the same operator and preferably with the same software, as recommended in a recent position paper from the European Association of Cardiovascular Imaging. 27 In a study by Diller et al., TAPSE and RV two-dimensional systolic strain were not related to sudden cardiac death or life-threatening arrhythmia, in contrast to our results. 9 One explanation is that that study only focused on ventricular arrhythmias, which in our study were found in only 10 patients (38%). Another possible explanation is the use of different software for strain quantification, since strain results are not interchangeable between different types of equipment. 27 An analysis of strain rate might have been more appropriate, because it is less volume dependent. However, our speckle tracking analysis software did not enable regional strain rate analysis.
Recently described prognostic parameters, such as detailed two-dimensional assessment of the RV outflow tract or RV dyssynchrony by strain, were not analyzed, due to the retrospective nature of our study and the need for specific images. 7,28 Also, we used LV strain analysis software, which is not yet validated for use in analysis of RV dyssynchrony.
Conclusions
In patients with repaired TOF, age at correction and residual defects are significantly associated with previous documentation of arrhythmias. RA and RV strain are particularly useful in patients without significant residual defects after corrective surgery, because both are independently associated with the occurrence of arrhythmias. They seem to be an earlier marker of dysfunction than conventional measures. However, due to the retrospective nature of our study we could not confirm a direct causal relationship; further prospective long-term studies are needed, and this predictive value needs to be supported by more extensive prospective long-term data.
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